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FOREWORD 


This Indian Standard (Part 1) (First Revision) was adopted by the Bureau of Indian Standards, after the draft 
finalized by the Rock Mechanics Sectional Committee had been approved by the Civil Engineering Division 
Council. 


Vertical stress on a rock mass varies in a more predictable fashion than horizontal stress because the former is 
primarily affected by the weight of overburden. 


When an opening is introduced in the rock mass, the natural state of stress is disturbed locally as the rock mass 
attains a new state of equilibrium. The stress around an opening resulting from various man-made activities is 
termed as ‘induced stress’ as opposed to virgin stress or absolute stress which describes the original, undisturbed 
state of stress. The natural state of stress is often termed as in-situ stress. 


In-situ stress is sometimes sufficiently high (relative to the rock mass strength) to cause rock bursting, spalling, 
buckling, heaving, or other ground control problems. In such cases, knowledge of the state of in-situ stress is of 
critical importance to the design and construction of engineering structures in a rock mass. Even in cases where 
the effects of stress are less dramatic, the optimum shape, orientation and layout of underground structures, as well 
as the effectiveness and ultimate cost of rock support systems, can be significantly influenced by the in-situ stress. 


Factors affecting the magnitudes and orientation of in-situ stress include the weight of overlying materials, 
geologic structures (on local and regional scales), tectonic forces within the earth’s crust, residual stress and the 
thermal stress. The complexity of the relations between these factors and the in-situ stress usually prohibits reliable 
estimation of rock stress. In addition, stress cannot be measured directly, and therefore, rock stress determination 
techniques rely on the measurement of some response (for example displacement, strain and deformation) that 
is induced by a disturbance of the rock mass. This measured response of rock in a stress-disturbed zone (for 
example, the wall of a tunnel) is extrapolated, from the opening outwards, through a numerical model or analytical 
techniques; or measurements must be made via a drill hole that extends into an undisturbed region of the rock 
mass. 


Several methods have been tried to arrive at a reliable means of measuring in-situ stress. Each offers different 
advantages and disadvantages with respect to a particular application. 


Different methods for measurement of rock stress have been covered in different parts of this standard which have 
got wide acceptance; the other parts of the standard are: 


Part 2 Using a USBM type drill hole deformation gauge 
Part 3 Using CSIR-type or CSIRO-type cell with 9 or 12 strain gauges 
Part 4 Using flat jack technique 


Hydraulic fracturing technique is the only rock stress determination technique that has been successfully applied 
to deep drill hole. This technique has, therefore, found application in in-situ characterization investigations via 
vertical drill holes from the surface. Hydrofracturing may also be done across pre-existing joint holes in the drill 
hole and values of in-situ stresses obtained. 


This Standard (Part 1) was first published in 1994. This revision incorporates modifications found necessary as 
a result of the experience gained with the use of the standard and to bring the standard in line with present good 
practices being followed in the country and abroad. The principal modifications in this revision are as follows: 


a) Hydraulic tests on pre-existing fracturing (HTPF) technique has been included, accordingly the title 
of this part has been modified from ‘Part 1 Using the hydraulic fracturing technique’ to ‘Part 1 Using 
hydraulic fracturing test and hydraulic tests on pre-existing fractures techniques’; 


b) Different options for repressurisation to assess shut-in pressure; 

с) Procedure for recording of hydrofracture position and orientation has been included; 
d) Methods for interpretation of shut-in pressure, P have been included; 

e) Requirements relating to reporting of results have been improved; and 

f) Various figures have also been improved. 


(Continued on third cover) 
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Indian Standard 


DETERMINATION OF 
ROCK STRESS — CODE OF PRACTICE 


PART 1 USING THE HYDRAULIC FRACTURING TEST AND HYDRAULIC TESTS 
ON PRE-EXISTING FRACTURES TECHNIQUES 


( First Revision ) 


1 SCOPE 


This standard (Part 1) covers the method of 
determination of the state of in-situ stress underground 
through a drill hole using hydraulic fracturing technique 
and hydraulic tests on pre-existing fractures. The test 
provides, in general, the magnitudes and direction 
of the maximum and minimum stresses in the plane 
perpendicular to the drill hole axis. 


2 REFERENCES 


The standards listed below contain provisions, which 
through reference in this text, constitute provision of 
this standard. At the time of publication, the editions 
indicated were valid. All standards are subject to 
revision, and parties to agreements based on this 
standard are encouraged to investigate the possibility 
of applying the most recent editions of the standards: 


IS No. Title 


11315 Method for the quantitative 
description of discontinuities 


in rock masses: 


(Part 1): 1987 Orientation 
(Part 6): 1987 Aperture 
11358: 1987 Glossary of terms and symbols 
relating to rock mechanics 
3 TERMINOLOGY 


For the purpose of this standard, the definitions given in 
IS 11358 shall apply, in addition to the following. 


3.1 Fracture Initiation Pressure — During 
pressurization as the pressure is increased both 
tangential and vertical stresses may become tensile. 
Fracture will occur if the induced tensile stress reaches 
the rupture strength of rock. The drill hole fluid pressure 
at the moment of drill hole rupture is termed as fracture 
initiation pressure or breakdown pressure. 


3.2 Fracture Reopening Pressure — After fracture 
initiation pressure, further pressurization cycles are 


carried out keeping the same flow rate. After initial 
rise in injection pressure, a stage will come when 
further rise in pressure stops, this pressure is termed as 
reopening pressure. 


3.3 Shut-in Pressure — After injecting a sufficient 
volume to propagate fracture length equal to about 
three times the drill hole diameter, injection is stopped 
and hydraulic system is sealed or shut-in, yielding the 
instantaneous pressure called shut-in pressure. 


4 SYMBOLS 
For the purpose of this standard, the following symbols 
shall apply: 
Н = depth at test zone below ground level; 
P, = static pressure head of fracture fluid; 
v — mass density of rock; 
P. — initial pore water pressure; 
— fracture initiation pressure; 
— pumping pressure; 
P. — instantaneous shut-in pressure; 
Р = facture reopening pressure; 
б, = vertical stress; 
— minimum horizontal stress; 
— maximum stress; and 


max 


T = rupture strength of the rock. 
5 APPARATUS 
5.1 Drilling Equipment 


5.1.1 Any drilling equipment capable of producing 
a stable hole to the required test depth may be used. 
The hole diameter should suit the available packer 
equipment or vice versa. 


5.1.2 The drilling equipment should also be capable of 
obtaining good quality core samples in the vicinity of 
the test sections in order to evaluate drill hole rupture 
strength and to examine discontinuity orientations and 
characteristics. 
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Fic. 1 SCHEMATIC REPRESENTATION 


5.2 Packer Equipment (see Fig. 1) 
The packer equipment shall comprise the following: 


a) A system to isolate a test section of drill hole. 
Inflatable packers, shall be used to seal the holes 
enabling a test section to be pressurized. Double 
packer system, which isolate a part of the hole, shall 
be used. For setting the packers and to seal the test 
interval, hydraulic or gas expansion shall be used. 
The initial packer setting pressure depends on the 
packer type. If the internal pressure approaches 
the packer pressure, the packer pressure should be 
increased to a level sufficient to prevent leakage 
past the packers. 


b 


— 


For separating the packers, spacers shall be used. 
The length of the test section shall be chosen 
from the observation of core and/or drill hole wall 
conditions by means of methods described in 5.5. 
A minimum length of five times the drill hole 
diameter is commonly recommended. 


5.3 Fluid Injection Equipment 
Fluid injection equipment shall comprise the following: 


a) A high pressure pumping system capable of 
maintaining a constant flow over the range of 
pressure expected during the test. 


The pumping system should have sufficient 
capacity to overcome the friction-losses in the 
hydraulic line and to initiate the fractures. 


b) Sufficient supply rods, tubing or hose normally 
used to lower the packer into the drill hole. 


5.4 Inspection Equipment 


The following equipment may be used to find the 
direction of fractures: 


a) Drill hole periscope or television camera for visual 
inspection. A video recording of a pretesting 
observation is advantageous for comparison 
purposes. 


b) Acoustic televiewer. 


c) Drill hole calliper which 18 helpful to ensure that 
the designated test section 18 of suitable diameter 
for satisfactory seating of packers. 


d 


М7 


Orientation tool to measure alignment апа 
straightness in case of any indication of excessive 
deviation. 


е 


хи 


Magnetic compass, which is used to orient 
cameras or televiewers for impression packers. 
Alternate means of orientation shall be used in the 
minerology of the rock which is likely to affect 
the compass reading. Magnetic rich rock (that is 
iron formations or basic igneous rocks) may be 
suspect. Gyroscopic compasses, which maintain 
the orientation of the inspection device from the 
hole collar, may be used. 
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5.5 Measuring Equipment 
Following measuring equipment shall be used: 


a) Pressure transducers for measurement of fluid 
injection at the surface or immediately above the 
packer. 


b) A pressure gauge or transducer to measure 
packer inflation pressure with a compatible level 
of accuracy. 


c) Instrument to record fluid flow with time. 
d) Acoustic logging tools. 


6 PROCEDURE 
6.1 Assumptions 


6.1.1 Hydraulic Fracturing Test (HF) 
The following assumptions shall apply : 


a) There is no theoretical limit to the depth of 
measurement provided the borehole is stable, 
rock mass is elastic and brittle, and the equipment 
has sufficient capacity. 


b) One of the principal stress is parallel to the 
borehole axis. 


c) Rock mass is linearly elastic, homogeneous and 
isotropic. 

d) Principal stress directions are derived from the 
fracture delineation on the borehole wall under 
the assumption that fracture attitude persists 
away from the hole. 


е) Fracture used іп stress computations аге 
delineated on the borehole wall assuming that 
their orientation persists away from the hole. 


6.1.2 Hydraulic Tests on Pre-existing Fractures 
(HTPF) 


The following assumptions shall apply : 


a) There is no theoretical limit to the depth of 
measurement provided borehole is stable, rock is 
elastic and brittle, and equipment has sufficient 
capacity. 

b 


wm 


The method assumes that isolated pre-existing 
fractures or weakness planes are present in the 
rock mass, that they are not all aligned within 
a narrow range of direction and inclination 
and that they can be mechanically opened by 
hydraulic pressure. When the straddled interval 
includes multiple fractures, it is necessary to 
verify that only one fracture has been opened, 
since opening of the pre-existing fracture 
changes the local stress field. 


c) One of the principal stresses is parallel to the 
borehole axis. 

d) Rock mass is linearly elastic, homogeneous and 
isotropic. 
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6.2 Drilling and Inspection 


6.2.1 Hole diameter and size of downhole hydraulic 
fracturing equipment shall be selected based on the 
equipment available. After determination of the test 
location and depth, a drill hole should be sunk beneath 
that depth so as to provide the test intervals. Final choice 
of the test zone length and depth shall be made based 
upon the fracture characteristic of recovered cores or 
on inspection of the drill hole wall by an optical or 
acoustic logging tool. 


6.2.2 Rock cutting and/or cores shall be examined 
in detail to determine rock characteristics at the test 
horizons. The choice of packers and inflation pressure 
may be affected by rock hardness and roughness of the 
drill hole wall. 


6.2.3 To clear the passage for the packer assembly, hole 
may be flushed to remove debris and/or the drill bit 
may be lowered to the test depth to clear the passage 
for the packer assembly. 


6.2.4 The orientation and apertures of geological 
discontinuities with respect to the test section shall be 
estimated and recorded in accordance with IS 11315 
(Part 1) and IS 11315 (Part 6), respectively. This also 
serves as a pre-test run of the fracture orientation 
measurement. 


6.2.5 A drill hole calliper log in order to avoid 
placing packers in oversized sections of the hole is 
recommended. 


6.2.6 For HF method, select test sections that are devoid 
of fractures or other disturbances. For HTPF, select 
well isolated planar fractures with dip and azimuth 
sufficiently variable to enable measurement of the state 
of stress properly. 


6.2.7 The packer assembly shall be inserted to the 
predetermined depth, the depth shall be recorded, and 
the packers are inflated to a pressure sufficient to seal 
against the applied fluid pressure. 


6.2.8 When filling the injection tubing, care shall be 
taken to eliminate air from the system. Trapped air 
greatly increases the compressibility of the system and 
has an adverse effect on the rate of pressure build-up 
during test interval pressurization. 


7 TESTING 


7.1 Pressure shall be monitored either at the ground 
surface or within the test location. When the pressure 
is monitored at the ground surface, the pressure in 
the test interval shall be increased slowly to ensure 
minimal pressure losses in the tubing. When pressure 
is monitored within the test section, pressure losses are 


unimportant. No standard for pressurization rate or flow 
rate exists; however, a common range of pressurization 
rate of 0.1 MPa/s to 2.0 MPa/s may be followed. Slow 
pressurization rate is recommended to ensure that the 
fracture retains its initial geometry during the first 
shut-in phase. The pressurization rate shall be controlled 
by the constant flow rate selected. The appropriate flow 
rate to achieve the desired pressurization rate shall vary 
depending on the overall compressibility of test system, 
which largely reflects the elasticity of the tubing, the 
length of the tubing, the compressibility of the fluid and 
the volume of fluid in the test system. In general, deep 
tests with large diameter tubing shall require higher 
flow rates than short-hole tests with smaller diameter 
tubing. 


7.2 The packer pressure should be initially set well 
below the anticipated breakdown pressure; the packer 
pressure should be increased at the same rate as the 
injection pressure. The procedure reduces the possibility 
of fracture initiation caused by the packer pressure. 
However, after the rough range of hydrofracturing 
pressure, at a particular site is known, the subsequent 
packers can be inflated to the desired/required pressure 
in single stage. The test interval pressure shall be 
recorded against time. As pressure increases, both 
tangential and vertical effective stresses can become 
tensile. Evidence of failure shall be obtained from 
pressure-time curve and fracture initiation pressure 
shall be noted. Throughout the pressurization cycles, 
packer pressure is maintained at about 2 MPa to 4 MPa 
higher than injection pressure. 


7.3 After injecting a volume sufficient to propagate 
a fracture length equal to about three times the drill 
hole diameter, injection shall be stopped and the 
hydraulic system shall be sealed or shut-in yielding 
the instantaneous shut-in pressure, Р. The pressure 
at which fracture closes is termed as shut-in pressure. 
Injection as well as packer pressure are then vented to 
ambient level. Additional pressurization cycles shall be 
used to determine the fracture reopening pressure, P, 
and additional measurements of the shut-in pressure, Р. 
The rise in pressure after closing the valves indicates 
pore pressure. P, сап be determined from additional 
fracture reopening pressurization cycles following any 
one or combination of the following options: 


a) Option 1 — This option is used only for HF 
method. After breakdown and venting, wait for 
a few minutes so that pore pressure reaches its 
original value. Repeat pressurization cycle at 
least 3 times using the same flow rate. These 
pressurization cycles shall yield additional values 
of shut-in and reopening pressure of the induced 
fracture (see Fig. 2). Reopening pressure is lower 
than breakdown pressure. 


PRESSURE ----- 


FLOWMORE 


Б. = FRACTURE INITIATION 
PRESSURE 


SHUT - IN 


Р, = SHUT- IN 


PRESSURE 


CYCLE 1 
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Fic. 2 IDEALIZED HYDRAULIC FRACTURING PRESSURE RECORD 


b) Option 2 — Step rate pressurisation cycle can be 
adopted after Option 1 (see Fig. 3) or after venting 
the pressure in fracture breakdown cycle. This 
option is applicable to both HF test and HTPF 
methods. 


Flow rate is set at a low level and maintained 
constant until it reaches a plateau and then raised 
to next higher level and again maintained constant. 
Typically, 5 min are sufficient for each constant 
pressure step. This step rate process is repeated 
several times to get array of constant pressure 
levels (see Fig. 4). A stage is reached when fluid 
injection stops, it indicates the fracture is fully 
open. Fluid injection is stopped at this point and 
pressure drop is monitored to get value of shut-in 
pressure. 


с 


ми 


Option 3 — This option is applicable to both HF 
and HTPF methods. The option is similar to Option 
2 except that after reaching maximum injection 


flow rate, the pressure is decreased progressively 
in stepwise manner so as to attain complete closure 
of the fracture and to get additional independent 
shut-in pressure (see Fig. 3). 


After completing the test, vent both packer and injection 
pressures so as to deflate the packers completely and 
move to next location and repeat the process. 


7.4 Subsequent repressurization cycle should be 
conducted at similar, constant flow rates; higher or 
lower flow rate cycles may be added at the discretion of 
the operator. Use of higher or lower flow rate cycles in 
the stress calculation should be specified and explained 
in the report of results. 

7.5 After the test is completed, the packers shall be 
deflated and the equipment shall be recovered from 
the drill hole. Care should be taken that the packers are 
fully deflated before attempting to move them. 


7.6 The hole inspection shall be carried out to observe 
and record hydrofracture positions and orientation. 
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Fic. 3 TYPICAL TEST INTERVAL PRESSURE AND FLOW RATE VERSUS TIME RECORD 
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Fic. 4 TYPICAL STEP CYCLING PRESSURE TEST 
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The orientation of fractures can be obtained by 
positioning the impression packer at the test section 
and then inflating the same at a constant pressure 
slightly greater than the fracture reopening pressure, P. 
and less than the fracture initiation pressure, Р,. The 
impression packer should be kept in pressurization 
mode for about 30 min (depending on the aperture of 
fracture) to get the impression of induced fracture. The 
length of impression packer should be greater than the 
fracture interval. 


Impression of the fracture gets developed on the soft 
rubber wrapped onto the impression packer which can 
be traced out by wrapping a tracing sheet. The direction 
of fracture corresponds to the direction of maximum 
stress normal to the drill hole axis. A reference line is 
drawn on the impression packer and direction of stress 
is determined in relation to marked direction. For 
vertical holes, reference line is oriented magnetic north 
so as to enable the direction of fracture corresponding 
to the maximum horizontal stress. 


Minimum horizontal stress direction shall be orthogonal 
to the direction of fracture. For shallow holes, manual 
system of transfer of magnetic north using marker on 
the impression packer and subsequent tubes may be 
adopted. For deep drill holes, a camera mounted on 
the orienting tool attached to the impression packer is 
triggered by a preset clock to take photograph of the 
face of the digital or electronic compass or magnetic 
compass and of the line marked on the packer, thus 
enabling the evaluation of stress direction (see Fig. 5). 


7.7 The drill hole rupture strength of the rock may be 
estimated from laboratory tests on core samples or may 
be obtained in-situ by comparing the fracture initiation 
pressure with subsequent reopening pressure. 


8 CALCULATIONS 


8.1 Hydraulic Fracturing Method 


Where the pumping pressure is measured directly at the 
test zone, Р,, P. and P, may be obtained directly from 
the time versus pressure plot (see Fig. 2). 


Figure 2 presents an idealized hydraulic fracturing 
pressure record. The general form of the pressure 
record depends on the relative magnitudes of the 
principal stresses. 


When the plane of hydrofracturing 18 nearly parallel to 
the drill hole axis, the following expressions may be 
used to obtain the principal stresses: 


CLP. .44(1) 
Ga T=3P HPF, pa (2) 

(for initial pressurization cycle) 
Onn = 3P,-P.-P, e (3) 


(for subsequent pressurization cycle) 


IS 13946 (Part 1) : 2022 


The drill hole rupture strength, 7 is determined from 
laboratory tests, which model the hydraulic fracturing 
process (preferable) or the tensile strength obtained 
from direct tension or Brazilian tests. Appropriate 
corrections for the effects of sample size and test 
configuration may need to be made. The vertical stress 
18 usually assumed to be the stress generated by the 
depth and density of overlying rock. The direction of 
G „ax 1$ in the fracture plane and orthogonal to oiy 


ma: min 
In case of testing in vertical drill hole, с, becomes 
maximum horizontal stress, о, and с, becomes 
minimum horizontal stress, c,. Vertical stress, с, can be 


estimated from the following equation: 
с,-у2 
where 
v= average density of rock/overburden; and 
Z= depth of rock and overburden above the test 
section. 
8.2 Hydraulic Tests on Pre-existing Fractures 


Stress tensor is evaluated using normal stress 
measurements for all the tested fractures. A complete 
stress tensor determination requires theoretically a 
minimum of six different tests on fractures with dip and 
azimuth in order to solve the linear system provided by: 


от -o(X,)n,n,, 2... (4) 
where 
т = location of the mth test; 
or = measured normal stress supported by 
fracture plane with normal n, and; 
o(X,) = stress tensor at X 


m varies from 1-п, for a total of n complete HTPF 
measurements (normal stress and fracture plane 
orientation). 


As the measurements are never exact and always 
encompass some uncertainty, it is always desirable to 
conduct more number of tests than there are unknowns. 
Minimum eight tests are necessary for determination of 
complete stress tensor. In the event of assuming vertical 
stress as principal stress, number of variables reduces 
to five and further assuming that vertical stress is equal 
to weight of overburden, stress tensor reduces to four 
variables. In such situation, five tests may be needed. 
In case of large distance between tests, stress gradients 
should also be considered. Assuming linear variation 
along the borehole axis, stress field can be evaluated 
using: 

с (х) = (х) + (X, —X)a wla) 


where the stress at point Х may be expressed as а 
linear function of the stress at point X, and a is the 
stress gradient along the borehole axis. 


IS 13946 (Part 1): 2022 


122.0 L— | 
| 
| 
Е 
I 
d 
ай 
LLI 
Q 
| 
| 
| | 
| STRIKE АТ 40° 
STRIKE AT 220° 
122.9 — | 
360 270 180 90 


DEGREES FROM MARKER LINE 


Fic. 5 TYPICAL IMPRESSION OF INDUCED FRACTURE 


Generally, equation (5) involves twelve parameters 
and requires a minimum fourteen to fifteen tests for 
solution. In case of vertical drill hole with no lateral 
stress variation, vertical stress gradient is along vertical 
principal direction and number of unknowns reduces to 
ten which can further be reduced to five depending on 
simplifying assumptions. 


9 REPORTING OF RESULTS 


9.1 General Information 


The report should include the following general 
information: 


a) A description of the test site location. 


b) A geotechnical log of the test section giving all 
available information and including the recorded 
geological discontinuity characteristics and drill 
hole wall conditions. 


c) A geological description of rock tested, including 
rock type and availability of core. 

d) The test depth, length of the test zone and drill 
hole size. 
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e) Influence of the regional or local geological 
discontinuities, if any vis-a-vis in-situ stress. 


9.2 Detailed Information 


The report should include the following detailed 
information for each measurement location: 

a) Graphs showing pumping or flow rate, injection 
pressure versus time for each test and a description 
of the method(s) used to select Р, Р and Р, if 
distinct pressures are not obvious. 

b) Tabulated values of H, Р, Р, P,, P,, maximum and 
minimum horizontal stresses and stress directions. 

c) Representations of fracture tracers, constructed 
from impression packers, on photographs and/or 
acoustic televiewer logs of test intervals. 


d 


— 


A description of the method used for calculating 
б.е Тһе drill hole rupture strength determined 
by the laboratory test results and the method of 
data reduction, including equations used, should 


be reported in detail. 
e 


— 


Test results showing substantial discrepancies in 
magnitude and orientation of stresses compared 
with other data and giving possible explanations 
of the causes. 
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